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ABSTRACT
A matched filter technique is applied to the Planck all-sky Compton y-parameter map to measure the
thermal Sunyaev-Zel’dovich (tSZ) effect produced by galaxy groups of different halo masses selected
from large redshift surveys in the low-z Universe. Reliable halo mass estimates are available for all
the groups, which allows us to bin groups of similar halo masses to investigate how the tSZ effect
depends on halo mass over a large mass range. Filters are simultaneously matched for all groups
to minimize projection effects. We find that the integrated y-parameter and the hot gas content it
implies are consistent with the predictions of the universal pressure profile model only for massive
groups above 1014 M, but much lower than the model prediction for low-mass groups. The halo mass
dependence found is in good agreement with the predictions of a set of simulations that include strong
AGN feedback, but simulations including only supernova feedback significantly over predict the hot
gas contents in galaxy groups. Our results suggest that hot gas in galaxy groups is either effectively
ejected or in phases much below the virial temperatures of the host halos.
Subject headings: methods: statistical – galaxies: formation – galaxies: evolution – galaxies: halos.
1. INTRODUCTION
In the current paradigm of galaxy formation, galax-
ies are thought to form and evolve within dark matter
halos (see Mo et al. 2010, for a review). During the
formation of dark matter halos, the cosmic gas compo-
nent first moves along with the dark matter, then gets
shock-heated as the halos collapse, and eventually forms
hot gaseous halos. In an adiabatic case, the resulting
distribution of the hot gas component follows roughly
that of dark matter, and the amount of the hot gas per
dark matter is roughly a constant, about the universal
baryon fraction of the universe. In reality, however, a
myriad of other physical processes, such as radiative cool-
ing, star formation, feedback from supernovae (SNe) and
active galactic nuclei (AGN), etc, can change the hot gas
content of the halos. Indeed, the hot gas fractions in
low-mass halos are found to be lower than the universal
baryon fraction both in observations (e.g. David et al.
2006; Gastaldello et al. 2007; Pratt et al. 2009; Sun et
al. 2009) and in numerical simulations (e.g. McCarthy
et al. 2010; Battaglia et al. 2013; Le Brun et al. 2014).
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Even in massive systems, such as rich clusters of galax-
ies where the total hot gas is found to be closer to the
universal value, the distribution of the hot gas is found
to be different from that of dark matter (e.g. Arnaud et
al. 2010; Battaglia et al. 2012). However, current obser-
vational results are still uncertain, particularly for low-
mass systems, and many competing theoretical models
have been proposed to describe the formation and struc-
ture of gaseous halos. Clearly, an accurate determination
of the hot gas content in dark matter halos is crucial for
understanding galaxy formation and evolution in a way
complimentary to the information provided by stars and
cold gas.
The thermal Sunyaev-Zel’dovich effect (tSZ hereafter;
Sunyaev & Zeldovich 1972) provides a promising av-
enue to probe the hot gas in halos. As the CMB pho-
tons pass through galaxy systems, such as clusters and
groups of galaxies (collectively referred to as groups of
galaxies), they are scattered by the hot electrons by the
inverse Compton process, producing a net energy gain in
the photon gas and changing the CMB temperatures in
the directions to the groups. Thus, studying the cross-
correlation of the imprints of tSZ effect on the CMB with
galaxy groups allows one to probe the hot gas compo-
nents in halos associated with galaxy systems. Compared
to X-ray observations, the tSZ effect is less sensitive to
the hot gas density, thus making it possible to explore
the hot gas in the outskirts of halos and also in low-mass
halos where the gas density is expected to be low.
However, extracting the tSZ signal reliably from CMB
observations is not easy. First, the signal to be detected
is usually comparable to or lower than the primary CMB,
and there are also contaminations, such as Galactic emis-
sions, dust, and point sources. As a result, individual de-
tection and analysis of the tSZ effect are currently only
possible for rich clusters of galaxies (e.g. Planck Collab-
oration V 2013). For low-mass groups, stacking of many
systems is required to increase the signal-to-noise. Sec-
ond, the beam sizes of current instruments are usually
ar
X
iv
:1
71
0.
06
85
6v
1 
 [a
str
o-
ph
.G
A]
  1
8 O
ct 
20
17
2 Lim et al.
insufficient to resolve low-mass systems, so that assump-
tions about the spatial distribution of the hot gas are
required. Finally, the signal from low-mass systems can
be contaminated by the projections of larger halos along
the same line-of-sights, and such contamination is not
straightforward to eliminate.
Recently, Planck Collaboration XI (2013) used the
all-sky Planck Compton parameter map and a sample of
locally brightest galaxies as tracers of dark matter halos
to investigate the tSZ effects produced by galaxy sys-
tems with halo masses down to ∼ 4× 1012 M. Remark-
ably, their results show that the universal pressure profile
(UPP) model, in which the hot gas fraction relative to
halo mass is independent of halo mass, matches their
data well. This finding is in conflict with the results ob-
tained from X-ray observations and hydrodynamic sim-
ulations where a much lower fraction is found for hot
gas in low-mass systems. Using a hydrodynamic simula-
tion, Le Brun et al. (2015) found that the universal pres-
sure profile of Arnaud et al. (2010) adopted by Planck
Collaboration XI (2013) in their matched filter method
may lead to over-estimations of the integrated tSZ sig-
nal for low-mass systems. However, Greco et al. (2015)
showed that adopting another popular pressure profile
of Battaglia et al. (2012), instead of that of Arnaud et
al. (2010), leads to differences that are well within the
observational uncertainties, and so the high gas fraction
found by Planck Collaboration XI (2013) cannot be ex-
plained by the adopted profile. Ma et al. (2015) cross-
correlated the Planck tSZ map with gravitational lensing
map from CFHTLenS survey and found that the predic-
tion of UPP model is 20% higher than the data. Vikram
et al. (2017) cross-correlated the Planck tSZ map with
the group catalog of Yang et al. (2007) and found that
the two-halo terms dominate the tSZ signal for systems
of M200 ≤ 1013 h−1M, indicating that projection effect
is an important issue.
In this paper, we extract the tSZ signal from the Planck
all-sky observation for galaxy systems of different halo
masses, using the group catalog of Lim et al. (2017).
The catalog is constructed for four large redshift surveys
with the use of the halo-based group finder of Yang et al.
(2005, 2007). This provides the largest sample of galaxy
groups in the low-z universe to study the tSZ effects over
a large range of galaxy systems. In particular, reliable
halo mass estimates are provided for all groups, so that
we can bin groups of similar masses to investigate how
the tSZ effect depends on halo mass. We employ the
matched filter technique (Haehnelt & Tegmark 1996;
Herranz et al. 2002; Melin et al. 2005, 2006) to extract
the tSZ signal from the Planck map. In particular, we
simultaneously match the filters to all galaxy systems in
the catalog, so that projection effects produced by halos
along the line-of-sights are properly taken care of.
The outline of this paper is as followings. We describe
the observational data used in our analysis in Section 2,
and our method to extract the tSZ signal in Section 3.
We present our main results as well as comparisons with
results from earlier studies and from numerical simula-
tions in Section 4. Finally, we summarize and conclude
in Section 5.
We adopt the cosmological parameters from the
Planck observation (Planck Collaboration XIII 2016),
{Ωm, ΩΛ, h, σ8}={0.308, 0.692, 0.678, 0.831} through-
out this paper unless specified otherwise.
2. OBSERVATIONAL DATA
2.1. The Planck y-map
The Planck (Tauber et al. 2010; Planck Collaboration I
2011), a space mission to measure the CMB anisotropy,
is an all-sky observation in nine frequency bands ranging
from 30 to 857 GHz, with angular resolutions from 31′ to
5′. For our analysis of the thermal Sunyaev-Zel’dovich
(tSZ) effects, we use the Planck NILC (Needlet Indepen-
dent Linear Combination; Remazeilles et al. 2011) all-
sky tSZ Compton parameter map (Planck Collaboration
XXII 2016), also referred to as the NILC y-map, which
is part of the publicly released Planck 2015 data7. The
map is constructed from the full mission data set, using
a combination of different frequency maps to remove the
primary CMB fluctuations and to minimize contamina-
tion from foreground sources. For more details of the
y-map construction, the readers are referred to the orig-
inal paper cited above. To limit the Galactic foreground
contamination, which is mainly due to thermal dust emis-
sions, we mask the brightest 40% of the sky by applying
the corresponding mask provided in the Planck 2015 data
release. For contamination from extra-galactic sources,
such as radio and infrared galaxies, we apply the mask
provided in the same data release for point sources.
2.2. Galaxy groups
In order to determine the tSZ signals from halos associ-
ated with different galaxy systems, we need a well-defined
group catalog that provides reliable information for both
the positions and halo masses of the galaxy systems in
the universe. Furthermore, since the tSZ signals are typi-
cally weak for individual groups, and since it is necessary
to stack many systems to increase the signal to noise ra-
tio, a well-defined group catalog is also needed to inter-
pret the stacking results. In this paper we use the group
catalogs given in Lim et al. (2017), which uses four red-
shift catalogs of galaxies (2MRS, 6dF, SDSS, and 2dF)
to achieve an almost all-sky (91%) coverage and the best
depth reachable by these galaxy catalogs in each region
of the sky. Groups are identified with the adaptive halo-
based group finder of Yang et al. (2005, 2007) with some
modifications (see Lim et al. (2017) for the detail). Tests
with realistic mock galaxy catalogs show that the halo
masses assigned by the group finder match well the true
masses, with typical scatter of 0.2−0.3 dex. The catalogs
provide two different halo mass estimates based either on
the luminosities and stellar masses of member galaxies,
and we use the masses based on the stellar masses. We
combine 2MRS, 6dF, and SDSS to construct our sample
of groups with logM500/M ≥ 12 for the tSZ analy-
sis. For sky regions covered by more than one catalog,
the preference is given in the order of SDSS, 6dF, and
2MRS. The sample contains a total of 471, 696 galaxy
systems (groups), of which 3, 851 have logM500/M ≥
14, 112, 494 have 13 ≤ logM500/M ≤ 14, and 240, 747
have 12 ≤ logM500/M ≤ 13. Following conventions in
previous SZ effect analyses, we define a halo by a radius
R500, within which the mean density is 500 times the
critical density at the redshift in question. The mass,
7 https://pla.esac.esa.int
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Fig. 1.— An example of the matched filter constructed for the
tSZ analysis. Here a universal profile of Arnaud et al. (2010) is
adopted as a spatial filter for a group of logM500/M = 14 and
an angular radius θ500 ∼ 6.2′.
M500, used above is the halo mass within R500. The halo
masses and radii provided in the group catalogs are M200
and R200, respectively. To convert these quantities to the
corresponding M500 and R500, we assume NFW profiles
(Navarro et al. 1997) and concentration parameters as
given by Neto et al. (2007).
3. METHOD AND ANALYSIS
3.1. The matched filter technique
Detecting the SZ signals physically related with a
galaxy system is not trivial, as other effects, such as
the primary CMB anisotropies, Galactic foreground, and
other sources, can all contaminate the signals we want
to obtain (see Section 4). Using a simple aperture pho-
tometry to extract the signals may thus lead to large
uncertainties in the extracted signals (see e.g. Melin et
al. 2006). To limit source confusions and background
contamination, we employ the matched filter (MF) tech-
nique, first proposed for SZ analyses by Haehnelt &
Tegmark (1996), which is designed to maximize the
signal-to-noise for a SZ source by imposing prior knowl-
edge of the signals given the noise power spectra. For the
case considered here, this means to optimally extract the
tSZ signals from groups of galaxies, under the constraint
of the power spectrum of the noise of the Planck maps.
In practise, we closely follow Melin et al. (2005, 2006),
who presented an extended and general formalism to ex-
tract signals from SZ surveys using the multi-filtering
technique of Herranz et al. (2002). Such a MF technique
has been applied in many recent analyses of the SZ ef-
fects in different surveys (e.g. Planck Collaboration V
2013; Planck Collaboration XI 2013; Planck Collabora-
tion LIII 2017; Li et al. 2014; Le Brun et al. 2015).
In the MF approach, the Fourier transform of the filter
that maximizes the signal-to-noise is given by:
Fˆ (k) =
[ ∫ |τˆ(k′)Bˆ(k′)|2
P (k′)
d2k′
(2pi)2
]−1 τˆ(k)Bˆ(k)
P (k)
(1)
where τˆ(k) is the Fourier transform of the assumed spa-
tial profile of groups, Bˆ(k) is the Fourier transform of
a Gaussian beam function that mimics the convolution
in Planck observation, and P (k) is the noise power spec-
tra. As the NILC y-map used here is already cleaned
of the primary CMB anisotropies, P (k) = Pnoise, where
Pnoise is the power spectrum of the Planck noise map, as
provided in the data release. The choice of the spatial
filter function is not straightforward, and it can affect
the integrated signals extracted. Indeed, using hydrody-
namic simulations, Le Brun et al. (2015) found that the
extracted tSZ signals can change significantly depending
on the filter shape adopted. In our analysis, we adopt the
universal pressure profile (UPP) given in Arnaud et al.
(2010, hereafter A10), the form of which can be written
as
P (r) = A[E(z)]8/3P(r/R500,M500) , (2)
where E(z) ≡ H(z)/H0, P specifies the shape of the pro-
file, and A is an overall amplitude (see A10 for details).
This profile was derived from a combination of X-ray
observations of XMM-Newton REXCESS cluster sample
(Bo¨hringer et al. 2007) at r ≤ R500 and hydrodynamic
simulations at larger radii. As a test, we have also used
the spatial filter adopted in Le Brun et al. (2015) but did
not find any significant changes in our results.
Figure 1 shows an example of the constructed filters,
which assumes a group with log(M500/M) = 14 and an
angular radius θ500 ∼ 6.2′, and the universal pressure
profile given above.
3.2. Extracting the tSZ signal
Theoretically, the tSZ signal is characterized by a
Compton y-parameter,
y ≡ σT
mec2
∫
Pe dl, (3)
where σT is the Thompson cross-section, me the rest-
mass of electron, c the speed of light, Pe = nekBTe the
electron pressure, and the integration is over the line-of-
sight to the observer.
The filters described above are then put at the group
centers and ‘matched’ to the y-map to yield an estimate
of the tSZ flux within R500, Y500 defined by
dA(z)
2Y500 =
σT
mec2
∫
R500
Pe dV , (4)
where dA(z) is the angular diameter distance to a group
at redshift z. Since Y500 depends mainly on halo mass at
a given z and evolves with z as E2/3(z), at a fixed halo
mass, it is useful to define a new quantity,
Y˜500 ≡ Y500E−2/3(z)
( dA(z)
500Mpc
)2
, (5)
which is expected to be a function of only halo mass
scaled to z = 0, if the intrinsic tSZ flux is indeed only a
function of mass.
To extract the SZ signals associated with galaxy groups
from the observed y-map, a matched filter is put at each
of all the groups in our group sample according to its halo
mass and redshift. We then tune simultaneously the am-
plitudes of the filters for individual M500 bins as listed in
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Fig. 2.— The M500-Y˜500 relations obtained by applying the
matched filters, with shapes following that of Arnaud et al. (2010)
(A10) truncated at 3R500 (triangles) and 10R500 (squares), re-
spectively, and by masking out the pixels covered by groups at
z < 0.03 (stars). The case where the filters for groups with
log(M500/M) < 13.4 are offset by 3θ500 is shown by diamonds.
The red crosses plot the difference between the results from the co-
added map and the added component (see text for details of this
test). The green crosses show the results obtained from three in-
dependent sub-samples of total sample. The results are compared
with those from Planck Collaboration XI (2013) (cyan dot), the
universal pressure profile of A10 (UPP; dashed), Le Brun et al.
(2015) (the two solid lines, with the upper one for their AGN8.0
and the lower one for AGN8.5), and van de Voort et al. (2016) (dot-
ted line). The error bars indicate the scatters among the signals
from individual systems in each mass bin. The unfilled symbols
with downward arrows are used for cases where the tSZ fluxes are
negative.
Table 1, assuming the amplitudes for all the groups in a
given M500 bin to be the same. The overall best match
between the matched filters and the observed y-map is
sought on the basis of the sum of the χ2 over all the pix-
els covered by the filters. The simultaneous matching of
individual groups allows us to take into account the line-
of-sight contributions from other halos, which is impor-
tant, particularly for low-mass systems (see next section).
For most of our analyses, we truncate the filter at 3 θ500
and only use fluxes within it to estimate the integrated
flux, where θ500 = R500/dA. Note that R500 ∼ 0.5R200.
As shown later in Section 4, truncation of the filters at
10 θ500 leads to little change in our results. Finally, the
mean flux within R500 for groups in a given mass bin is
estimated from the assumed spatial profile together with
the amplitude obtained from the best match. The fluxes
within R500 for individual groups in a M500 bin are also
estimated by fixing the amplitudes of the matched filters
of other mass bins to their best fitting values, while tun-
ing the amplitudes of the filters for individual groups in
the M500 bin in question to achieve the best match.
4. RESULTS
4.1. The M500-Y˜500 relation and the hot gas content
Figure 2 shows our main result for the tSZ flux-halo
mass relation. The values obtained from our fiducial
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Fig. 3.— Hot gas mass fraction with respect to halo mass within
r200 as a function of halo mass inferred from Y˜500 by assuming the
virial temperature, compared with that from Le Brun et al. (2015)
(solid; the upper for AGN8.0 and the lower for AGN8.5) and van
de Voort et al. (2016) (dotted), which are based on hydrodynamic
simulations. The gas content is lower than the universal baryon
fraction of fB = 0.16 (dashed) in low-mass systems by a factor of
up to ∼ 10. Note that the gas mass ratio estimated is inversely
proportional to a temperature assumed. The error bars indicate
the scatters of the signals among individual systems in each mass
bin. The crosses show the results obtained from three independent
sub-samples. The unfilled symbols are used for those with the tSZ
flux below zero.
TABLE 1
The M500-Y˜500 relationa
logM500/M Y˜500 Scatterb No. of systems
[10−6 arcm2] [10−6 arcm2]
12.3 −0.0600 0.360 40, 689
12.5 −0.0480 0.174 41, 848
12.7 0.0564 0.231 40, 521
12.9 0.0675 0.330 37, 344
13.1 0.144 0.450 32, 063
13.3 0.735 0.600 25, 744
13.5 2.85 1.17 19, 020
13.7 6.60 1.77 12, 500
13.9 30.3 3.00 6, 203
14.1 59.7 7.50 2, 163
14.3 273 22.8 484
14.5 756 45.3 195
14.7 1520 83.7 71
a These data are presented in Fig. 2 by triangles.
b These are the scatters among individual systems in each mass
bin.
sample are also given in Table 1 for reference. In all
our analyses, we use only groups at z > 0.03, to avoid
the domination by a small number of nearby groups each
covering a large number of pixels. The error-bars shown
are each the 1σ scatter among individual groups in the
corresponding mass bin. For comparison, we also divide
the total sample into three independent sub-samples that
have about the same amount of sky coverage, and ap-
ply the MF method to them separately. The results are
shown by the green crosses in the figure. As one can
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see, the scatter among these sub-samples is comparable
to that among individual groups, indicating that the un-
certainties are dominated by systematic effects.
Comparing the result obtained from the fiducial case,
where the matched filters are truncated at 3R500 with
that obtained by using a larger truncation radius,
10R500, shows that 3R300 is sufficient to cover the sig-
nals from individual groups.
Because the hot gas halos of groups are extended and
the observational beam size is relatively large, projec-
tion effects may contaminate the signals, particularly for
small groups, even though our simultaneous matching
of filters is supposed to eliminate such effects. We thus
carry out a number of further tests to examine any pos-
sible residuals due to projection effects. In our first test,
we remove all pixels covered by the groups at z < 0.03,
and the results are shown by stars in Fig. 2. As one can
see, the signals for low-mass systems are changed relative
to the fiducial case, suggesting that our results for low
mass groups may still be affected by projection effects.
In the second test, the filters for groups below a halo
mass limit are shifted by a given amount with respect to
the group centers. Thus, if the signals extracted for these
groups were not associated with them but produced by
larger structures, such a shift would not change the sig-
nals obtained for these groups. As an example, the dia-
monds in Fig. 2 show the result in which filters for groups
with logM500/M < 13.4 are shifted randomly by 3R500,
while the filters for more massive groups are still located
at the group centers. As one can see, while no signifi-
cant change is seen for groups with logM500/M > 13.4,
the signals for the lower mass groups are reduced. This
suggests that the signals detected in the matched filters
are associated with these low-mass groups. Finally, we
make another test by adding to each group an artifi-
cial y-parameter profile which is given by the observed
mean profile corresponding to its mass and redshift. The
matched filter technique is then applied to the sum of
this artificial map with the original map. The original
signals are well recovered by the differences between the
results obtained from the co-added map and the added
component, as shown by the crosses in Fig. 2, demon-
strating that our method can extract the signals we put
in reliably.
Based on the test results presented above, we conclude
that the results for groups with masses above 1013.5M
are stable. For groups of lower masses, however, signifi-
cant variations are still present from sample to sample.
Assuming virial temperatures, we estimate the hot gas
contents of galaxy groups within R200 from the inte-
grated fluxes of Y˜500. Here the NFW profile and the
hot gas profile of A10 are used to convert quantities to
the corresponding ones within R200, and the virial tem-
perature is defined as
Tvir =
µmpGM200
2kBR200
(6)
where µ is the mean molecular weight, mp the pro-
ton mass, and kB the Boltzmann constant. The results
obtained from the fiducial sample and the three sub-
samples are shown in Fig. 3. Here we see that the in-
ferred hot gas contents of low-mass groups within R200
are lower than the universal baryon fraction, shown by
the horizontal line, by a factor of ∼ 10. Even for groups
with M200 ∼ 1014M, the hot gas fraction is only about
a half; only in the most massive groups (clusters) is the
fraction close to unity. Such low hot gas contents in low-
mass groups have important implications for theories of
galaxy formation, as to be discussed in the following.
4.2. Comparisons with earlier results and theoretical
models
Planck Collaboration XI (2013) (PCXI hereafter) used
the same Planck data and a similar matched filter ap-
proach to extract the tSZ signals around locally bright-
est galaxies (LBGs) selected from the SDSS survey. An
isolation criterion is adopted so that each LBG is the
dominating one (in terms of luminosity) in its neighbor-
hood, probably representing the central galaxy of a halo.
Based on the mean relation between the stellar masses
of central galaxies and the halo masses obtained from
the semi-analytic galaxy formation model of Guo et al.
(2013), a halo mass is assigned to each of the LBGs.
The Y˜500-M500 relation obtained by PCXI is plotted in
Fig. 2 as circles, and matches well the expectation of the
UPP model of A10, shown by the dashed line. As one
can see, our results are in good agreement with that of
PCXI only for massive groups with M500 > 10
14M, but
the amplitudes we obtain for groups of lower masses are
much lower. Indeed, our Y˜500-M500 relation is very dif-
ferent from that given by the UPP model. We suspect
that there are two factors that may cause the difference
between our and PCXI results. First, we simultaneously
match all groups in our sample, which takes into account
the projection effects by larger halos along the line-of-
sights of low-mass groups, while PCXI matches individ-
ual filters separately. In a test where we first subtracted
the local flat backgrounds averaged over annulus between
[2R200, 3R200] around each group, and then matched in-
dividual filters and stacked the signals for groups of sim-
ilar masses, we found that we can roughly recover the
results of PCXI for low-mass halos, despite of the dif-
ferences in other details between our method and theirs.
This indicates that the contamination by other groups
is not flat, and that it is important to match the filters
to all groups simultaneously in order to correct for such
projection effects.
Second, PCXI uses the mean relation between the cen-
tral galaxy mass and halo mass to estimate halo mass,
while our halo masses are estimated from our halo-based
group finder. Given that the central galaxy mass in-
creases only slowly with halo mass at M200 > 10
13M
(Yang et al. 2003), and the relation has significant
amounts of scatter (e.g. Yang et al. 2008), binning based
on central galaxy mass may mix halos of very different
masses.
Greco et al. (2015) used a LBG sample similar to that
used by PCXI, together with the Planck temperature
aperture photometries, instead of the matched filter, to
extract tSZ signals associated with the LBGs. They
found that their results are consistent with the UPP
model within the uncertainties of the data. It is unclear if
the difference between their results and ours is produced
by the different mass proxies used to bin the data or by
the different methods used to extract the tSZ signals.
Vikram et al. (2017) examined the cross-correlation be-
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tween groups in the catalog of Yang et al. (2007) and the
Planck y-map, and found that two-halo terms dominate
the signals around halos of M200 ≤ 1013−13.5 h−1M.
This is in qualitative agreement with our finding that
the stacked signals for low-mass groups are dominated
by projection effects.
We also compare our results with results from two hy-
drodynamic simulations. The first is that presented in Le
Brun et al. (2015), who used the cosmo-OWLS suite of
cosmological simulations (Le Brun et al. 2014), an exten-
sion of the OverWhelmingly Large Simulations (OWLS;
Schaye et al. 2010), to model the tSZ effects. The simula-
tion has a box size of 400h−1 Mpc on a side, and assumes
cosmological parameters either from the WMAP7 or the
Planck. Their fiducial runs include both stellar and AGN
feedbacks. In Figs. 2 and 3, the predictions of two of
their models are plotted as the two solid curves. The
upper curves correspond to their AGN feedback model
AGN8.0, which assumes that accreting black holes heat
their surrounding gas to a temperature ∆Theat = 10
8 K,
while the lower curves are for their AGN8.5, which as-
sumes ∆Theat = 3 × 108 K. Clearly, our results are in a
good agreement with their results, particularly from that
of the AGN8.5 run.
van de Voort et al. (2016) used a suite of cosmological
zoom-in simulations from the Feedback In Realistic Envi-
ronments (FIRE; Hopkins et al. 2014; Faucher-Gigue`re et
al. 2015; Feldmann et al. 2016) project, to study the tSZ
effects around halos with M500 = 10
10–1013 M. Sixteen
and thirty six zoom-in simulations were run to z = 0
and z ∼ 2, respectively. In Figs. 2 and 3, we use straight
lines to roughly represent their low-z results. Here the
universal profile of A10 is used to convert the predictions,
which are integrated quantities within projected radius,
to quantities within spheres needed in the comparison. It
is seen that the predicted tSZ signals are much stronger
than both our results and the simulations of Le Brun et
al. (2015). We note, however, that the simulations used
by van de Voort et al. (2016) do not include AGN feed-
back, which may be important for the halo mass range
concerned here.
5. SUMMARY AND CONCLUSION
In this paper, we use the measurements of the ther-
mal Sunyaev-Zel’dovich (tSZ) effect from the Planck
NILC all-sky Compton parameter map, together with
the group catalogs of Lim et al. (2017) to investigate the
hot gas contents of galaxy groups. The catalogs contain
a large number of uniformly selected groups with reliable
halo mass estimates, which allows us to bin groups of sim-
ilar halo masses to investigate the dependence of the tSZ
effect on halo mass over a large mass range. We adopt
the matched filter approach (Haehnelt & Tegmark 1996;
Herranz et al. 2002; Melin et al. 2005, 2006), which opti-
mizes the signal-to-noise ratio by imposing prior knowl-
edges of the expected signals, to extract the tSZ signals
produced by galaxy groups from the map. We jointly
match the filters to all groups to minimize projection ef-
fects.
We test the robustness of our method by retaining or
eliminating pixels covered by local galaxy systems, by
truncating the matched filters at different radii, by shift-
ing the filters for low-mass groups, and by adding ar-
tificial signals to the observational map. We find that
our method performs well in these tests. We also found
that the background fluctuations around low-mass sys-
tems are significantly affected by projections of massive
halos. Such a projection effect can lead to overestima-
tion of the tSZ signals associated with low-mass groups
if filters are not matched simultaneously to all groups.
We find that the integrated y-parameter and the hot
gas content it implies are consistent with the predictions
of the UPP model only for massive groups with masses
above 1014 M, but much lower, by a factor of ∼ 10,
than the model prediction for low-mass groups. Our re-
sults are in conflict with the findings from some previous
studies (e.g. Planck Collaboration XI 2013; Greco et
al. 2015), which reported that their data are in agree-
ment with the predictions of UPP model. The disagree-
ment likely comes from the different treatments of pro-
jection effects and the different halo mass models used
in these studies. The halo mass dependence we find is
in good agreement with the predictions of a set of hydro
simulations presented in Le Brun et al. (2015) that in-
clude strong AGN feedback, but the simulations of van
de Voort et al. (2016), which include only supernova feed-
back, over-predict the hot gas contents in galaxy groups
by a factor of 5 to 10.
Since the integrated y-parameter is a measure of the
thermal energy content of the hot halo gas, our results
indicate that this energy content in low-mass groups is
much lower than that expected from the universal baryon
fraction in a hot halo at the virial temperature. This has
important implications for galaxy formation and evolu-
tion. Since the total baryon fraction of stars and cold gas
in galaxy groups and clusters is found to be well below
the universal baryon fraction (e.g. Fukugita & Peebles
2004), it has been speculated that the missing baryons
may be in hot defused halos. However, if the low en-
ergy content found here is due to a low gas content in
the hot phase, then hot gas halos cannot account for the
missing baryons. Alternatively, baryons originally asso-
ciated with galaxy groups may be heated and ejected
by some processes. The agreement of our results with
the predictions of the simulation results of Le Brun et
al. (2015) suggests that strong AGN feedback may be
able to provide such a process and to accommodate the
observational results. Yet another possibility is that a
large fraction of baryons may be in phases with temper-
atures much lower than the virial temperatures of the
groups. In this case, the low thermal energy contents
observed in low-mass halos are produced by the low gas
temperature rather than by a reduced amount of gas. To
distinguish the different possibilities, it is crucial to es-
timate the total mass in the warm-hot phase, so as to
obtain a complete inventory of the baryons in low-mass
halos. This can be done either through quasar absorp-
tion studies, or by investigating the kinetic SZ effect of
galaxy groups, which depends on the electron density but
not the temperature of the halo gas.
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